High transmission plasmonic and all-dielectric metasurface wave plates have been reported in recent studies. However, narrow bandwidth and low polarization conversion need to be addressed to attain even better operation requirements. In this work, we numerically demonstrate the concept of an ultrathin single layer plasmonic metasurface embedded with dielectric resonators. Our design is based on the transmission line theory and surface plasmon excitation to realize a quarter-wave plate with controllable birefringence. The controllability is achieved through manipulating relative permittivity of a non-dispersive dielectric material-embedded in a perforated silver film, and the surface dimensions of silver. We have also achieved higher degrees of linear-to-circular and circular-to-linear polarization conversions at broadband wavelengths in the near infrared compared with other conventional plasmonic metasurfaces. Moreover, the functioning of the wave plate is demonstrated on a compact and ultrathin metasurface showing great potential of integration into photonic sensors.
Introduction
A birefringent metasurface is a two dimensional structure with an ability of independently controlling the phase, amplitude, and polarization of an incident polarized light. The concept of metasurfaces has opened up many new opportunities for the efficient manipulation of light and design of unique devices like the quarter-wave plate (QWP). Properties such as amplitude and phase control, 1 beam splitting, 2,3 and beam focusing 4 have all been realized using metasurfaces. Naturally occurring crystals such as quartz and calcite exhibit weak birefringence in the infrared due to their small refractive indices. To realize a desired phase retardation and polarization state, thicknessdependent birefringent crystals have to be employed. 5 Metamaterials and metasurfaces are being studied to realize and develop ultrathin wave plate structures that can be integrated into nanophotonic devices. However, the progress of metasurface wave plates is hindered by the following challenges: low conversion efficiency, fabrication complexity, bulk thicknesses, and narrow bandwidth. [6] [7] [8] By placing two layers of orthogonal slits in parallel to each other, an induced 90 degree polarization conversion and enhanced transmission have been demonstrated. 9 Huang et al., 9 showed that despite the bulk thickness of the grating-like dual surface, a tunable wave plate based on slits dimensions was attainable within the visible spectrum. Similarly, a dual layer wave plate with tunable birefringence based on the spacing distance between the layers have been shown. 10 Other plasmonic structures based on L-shaped antennas, 11, 12 T-shaped slits and antennas, 13, 14 crossed-shaped slits, 15 metal-insulator-metal designs, 16 among others, have also been designed and demonstrated performing polarization conversions on ultrathin dimensions. However, due to dispersion properties and ohmic losses in plasmonic metals, such structures have been reported exhibiting wave plate properties at narrow band frequencies limited to 3-5% of center frequency.
17-19
All-dielectric metasurfaces based on silicon are an alternative to reduce ohmic losses in plasmonic metasurfaces.
20-22
Recently, Chong et al. demonstrated a transmission mode metasurface using thin silicon nanoantennas; simultaneous electric and magnetic dipole resonances in silicon were excited to mitigate back reection, create an impedance matching with the incident light, and induce polarization. 23 Efficient wavefront manipulation in transmission such as Gaussian to vortex beams, have also been reported using silicon dielectrics. 23, 24 In addition, the merits of a 2D graphene material structured with gold and a silicon dioxide spacer have been explored where polarization conversion ratios (PCR) greater than some natural birefringent crystals such as calcite were reported. 25 Dual layer metamaterial consisting of a semiconductor, a fused silica spacer, and split ring resonators has also been shown with considerable birefringence and compactness. 26 However, such structures are bulky and have a limitation to be integrated into nanophotonic sensors. Purely plasmonic metasurfaces have strong eld localization, enhancement, and extra ordinary transmission due to interaction of light with the surface plasmon polaritons (SPP). 27, 28 They have superior optical response across a wider region of the electromagnetic (EM) spectrum. Their main drawback is the presence of ohmic losses which reduce efficiency of polarization conversion.
We present a hybrid plasmonic metasurface with reduced absorptive losses exhibiting broad bandwidth QWP performance operating in transmission mode. We exploit the merits of dielectric materials acting as gain materials embedded in a low loss plasmonic silver metal. A single layer wave plate metasurface that functions as a lumped circuit element with nanoinductors and nanocapacitors is designed. All numerical simulations were done using nite element method, COMSOL Multiphysics. By varying the dielectric constant of the embedded dielectric materials, a dipole moment is created and a phase retardation is obtained. Birefringence tunability is then achieved through varying dielectric constants and the dimensions of the structure.
2 Structure design, numerical simulations, results and discussions Fig. 1 shows a schematic illustration of the designed structure operating as a QWP. The unit cell shows the dimensions of the structure, composed of two pairs of orthogonal rectangular slits lled with a dielectric material. The longer pair is oriented along the x-axis with length L 1 ¼ 200 nm, and the shorter pair oriented along the y-axis with length L 2 ¼ 175 nm. The structure has a thickness h ¼ 120 nm, a common slit's width W ¼ 50 nm, and lateral spacings t ¼ 30 nm. All dimensions are subwavelength with respect to the near infrared wavelengths from 600 nm to 1500 nm. The relative permittivity of silver was modeled using the Drude's equation, Perfectly matched layers absorbing boundaries were placed on the exit end of the unit cell to prevent non-physical reections of outgoing waves and periodic boundaries implemented along the x and y planes. The slits dimensions were carefully optimized considering both the phase and momentum matching conditions. 30 Naturally, a mismatch in phase exists between the parallel surface component of the free-space wave vectork k and the SPP wave vectorK SPP . The nature of the periodic structure allows SPPs to propagate in orthogonal directions determined by the periodicities. The periodicities are thus used to obtain an optimum transmission region and meet the phase matching condition, The interface between the metal and the semi-innite silicon dioxide (SiO 2 ) substrate facilitates SPP-to-incident light coupling. At normal incidence (q ¼ 0 ) both the phase matching condition and the momentum conservation,
, reduce to an analytical square periodicity equation
Here, 3 SiO 2 , is relative permittivity of the substrate and (n 2 + m 2 )
is taken as 1 for a simple degenerate square lattice at a central wavelength of l 0 ¼ 850 nm. 30, 31 We therefore carried out a parametric sweep over the periodicity P x while keeping P y xed at 420 nm, as shown in Fig. 2 . Periodicity value P x ¼ 370 nm shows an optimum transmittance ratio above 40% that is acceptable for performance of a QWP.
14 Transmission properties of the structure were studied by rst setting the model with port boundary conditions along the +z and Àz directions and then using absolute S-parameters to calculate the transmittance, reectance and absorption spectra as shown in Fig. 3(a) . The obtained wavelength bandwidth of interest describes the nanocircuit's optimum region where maximum displacement current is experienced. As the current circulates the surface, the plasmonic metal (Re[3 Ag ] < 0) functions as a nanoinductor while the dielectric llings in the slits, Re [3 r ] > 0, function as nanocapacitors. Therefore, lumped circuit elements were optimized to manipulate polarization conversion 
by sweeping through several values of different parameters. In this case, the dimensions of the metal and the relative permittivity of the dielectric lling have been demonstrated to manipulate the phase retardation Df. Here,
, where E t x and E t y are complex electric elds in the transmission eld. Birefringence of the metasurface is dened using Df, i.e., the difference between the x and y phase components,
The birefringence of the desired wave plate is one that induces a phase difference of AE90 for a LP excitation, and AE180 or 0 for a circularly polarized light (CP) excitation. The wavelength region (l ¼ 600 nm to l ¼ 950 nm) corresponds to the area of maximum coupling between the SPPs and the incident light and also where there is acceptable transmittance. Meanwhile, in Fig. 3(b) , the thickness of silver layer, h, shows negligible effect on the transmission coefficients. We have used, h ¼ 120 nm, throughout the simulations except in cases where it was a variable. At l ¼ 850 nm, considered as the design wavelength, the co-polarization terms show an intersection point where both x-and y-amplitude components are equal, T xx ¼ T yy , where T xx ¼ |E t x | and T yy ¼ |E t y |. The corresponding phase angles are shown in Fig. 3(c) for a ¼ 60 , Fig. 3(c) (grey band), and Fig. 3(d) , respectively. In Fig. 3(d) , the structure shows a higher degree of insensitivity to polarization angles swept between [1 , 89 ] at l ¼ 850 nm.
In our analysis, when the wave plate operates at a wavelength within or slightly away from the SPP coupling region, a tunable phase shi occurs between the components in the transmission eld.
14 Modifying the dimensions, L i (i ¼ 1, 2) and P i (i ¼ x, y), contribute to the phase difference between the SPP modes as well as to the orthogonal components of the transmitted electric elds; f SPP,x À f SPP,y ¼ AE90
, where f SPP,x,y are the relative phases of the two SPP modes. Fig. 4 (a) displays electric eld of the SPP mode (1, 0) when L 1 ¼ 200 nm and L 2 ¼ 175 nm in the xy plane (z ¼ 0). An electric eld enhancement characterized by SPP mode around the slit lled with air is shown, attributed to the antisymmetric current distributions. Dielectric llings inside the slits, and the potential across the resonators also contribute highly to the tuning of phase angles as hereby discussed. In the region of interest, silver has nite conductivity s, therefore, the conduction current is suppressed from the surface while the tangential electric displacement current dominates, i.e., J d ¼ Àiu3 r E, where 3 r is the dielectric constant of the slit embedding material. The displacement current impinges on the structure and activates the surface as it circulates through the plasmonic metal and the dielectric. In this process, a dipole moment is induced inside the dielectric and creates a spatial potential and localized electric eld E(r, q s ) ¼ VF on the surface as illustrated in Fig. 4(b) . The simulated local electric eld distribution E ref /E o under x-and y-LP lights are shown in Fig. 4(c) 32 The wave plate operation can thus be inferred from the relation DF f Df, where DF is the potential difference across orthogonal resonators and Df is phase difference between the x-and y-components of the transmitted light. As shown in Fig. 5(a) and (b) , a reduction in the dimension L 2 and an increment in the relative permittivity 3 r of the dielectric lling, causes a vertical shi in Df and a horizontal red-shi in the birefringence bandwidth, respectively. This behaviour is due to a change in the potential difference across the resonators that develops due to combined impedances on the surface. Moreover, the region within the wavelength bandwidth shows a larger phase change compared to other regions. In this region, the displacement current J d is at maximum and the nanocapacitance has its maximum electric energy within the dielectric. Fig. 5(c) shows the results of phase retardation against the wavelength for a CP incident light. A wavelength bandwidth, Dl ¼ 250 nm, for which Df z 0 (grey band) is observed. Similar to the variations of L 1 and L 2 in Fig. 5(a) , the thickness h when increased produces a vertical downward shi on Df around the wavelength bandwidth. In the lumped circuit conguration, the dipole moments and the impedances are manipulated by selecting and varying different surface dimensions and the dielectric constant of the embedded material, causing the area around resonance to show a Df dip over a broad range. The shi in phase is observed for both circular-to-linear (CTL) and linear-to-circular (LTC) polarization conversions as shown in Fig. 5 (c) and (d), respectively. In Fig. 6 (a), a phase map variation of the dielectric constant and wavelength is shown. The dotted black line region indicates where Df z À p 2 can be accurately obtained with respect to the wavelength for a LP light excitation. The dipole moment per unit volume P n ¼ (3 r À 1)/3 0 E is enhanced as long as 3 r is large enough, which translates to a higher polarizability inside the resonators; an almost linearly varying QWP phase condition between l ¼ 830 nm and 1000 nm (white line in Fig. 6 (a)) can be easily noted. Similarly, the angle a denes the magnitude of the x-and y-components of the incident eld. For small elds, the magnitude of dipole moment per unit volume is proportional to the electric eld strength. As shown in Fig. 6(b) , when the angle of polarization is z60 for CP input, QWP condition is satised between l ¼ 600 nm and 900 nm. Both phase and amplitude QWP conditions are met with a z p 3 ð60 Þ. Since the metal is functioning as a nanoinductor and the embedded dielectric material with relative permittivity Re[3 r ] > 0 as a nanocapacitor, together forming lumped circuit elements, we consider a quasistatic approximation based on the subwavelength dimensions of the structure and analyse the current-impedance interaction based on the transmission line theory. 33 Two types of circuit networks develop on the surface as a result of this interaction: a parallel and a perpendicular network, depending on the resonator's orientation and the polarization state of incident light (inset of Fig. 7) . If the x-oriented dielectric resonators in Fig. 1(a) are considered perpendicular to y-polarization, the impedance from the plasmonic metal and the dielectric are functions of the relative permittivity and the dimensions given
per unit length, respectively, giving an effective network impedance
When the electric eld is parallel to the y-oriented resonators the impedance equations
giving an effective impedance
Consequently, a potential F i ¼ J imp Z i , (i ¼ x, y) builds up across the lumped elements, where J imp is an impressed current. Orthogonal orientation of the resonators enhance potential difference DF for any excitation state of incident light. This is due to the difference in the dipole moments and the SPP modes excited by components of the electric eld. In addition, since eqn (2) and (3) are functions of dimensions and the relative permittivity of inclusions, any variation in the relative permittivity and/or the dimensions tunes the birefringence to QWP condition. To validate the metasurface as a composition of lumped circuit elements, eqn (2) and (3) were used to calculate transmittance
a function of surface dimension and compared the calculated transmittance with full wave simulation transmittance. Here, h 0 ¼ 377 U is the free-space surface impedance. A nearly coinciding transmittance peak around 3 r ¼ 2.2, calculated at l ¼ 850 nm, was observed as shown in Fig. 7 . The dielectric resonators and the plasmonic metal can then be veried to function as lumped circuit elements in the near infrared. We then quantied the degree of cross polarization conversion using the polarization conversion ratio (PCR) dened as PCR ¼ T xy 2 /(T xy 2 + T yy 2 ), where T xy and T yy are cross-polarized and copolarized transmission coefficient terms, respectively. A 90% polarization conversion ratio in the range l ¼ 600 nm to l ¼ 750 nm was obtained for a dielectric material 3 r ¼ 2.55 as shown in Fig. 8(a) . For a smaller dielectric constant 3 r ¼ 1.0 (for air) a reduced PCR range was observed due to the weak coupling effect. It is worth noting that the high PCR value conrms the energy conversion from one state of LP light to the other.
To analyze polarization performance through the wave plate, Stokes parameters S 1 , S 2 , and S 3 were calculated from the transmission coefficients and used to determine important gures of merit such as the degree of linear polarization (DoLP), degree of circular polarization (DoCP), and the ellipticity h. Fig. 8(a) and (b) show the gures of merit used to analyze the performance of the structure. DoLP was obtained as 0.98 in the range between l ¼ 900 nm and 1200 nm. In this regard, the linear polarization conversion from an incident CP light translates into a broadband QWP regardless of the direction of the transmitted light. Fig. 5(c) and (d) show the bandwidth over which the DoLP is nearly unity. We calculated the DoCP of the transmitted light within the bandwidth where DoLP z 1. As expected, the DoCP was very small (z0.11), conrming maximum linear polarization. For a LP light, the ellipticity angle approximately unity. 34 In this case, the ratio is about 25% of central wavelength.
By embedding a dielectric material in the metal slits, both electric and magnetic Mie resonances, originating from excitation of a particular electromagnetic mode within the resonator, are supported. 23, 35 Besides polarization conversion, the efficiency of the structure is enhanced through impedance matching effect coming from destructive interference between the overlapping back scattering electric and magnetic modes, and the incident light. High transmission above 40% and up to 100%, and low reection are achieved within polarization conversion bandwidth (Fig. 3(a) ). As shown in the results, a precise combination of relative permittivity (3 r > 0) of the dielectric material and (Re[3 Ag ] < 0) of silver metal, yields a desired QWP phase retardation between the transmitted xand y-polarized lights. The dual pair rectangular orthogonal slits behaves like a meander line polarizer: 36 to the s-polarized signal, the vertically lled rectangular pair and the plasmonic areas act like shunted inductors over an equivalent transmission line while the p-polarized signal is capacitively affected.
Therefore, an incident light polarized in the range 0; p 2 ! is decomposed into vertical and horizontal components where the s-polarized is delayed and p-polarized light advanced. Aer transmission of the electric eld, the two components recombine with phase difference of either AEp/2, forming a CP light or AEp (or 0 rad) forming a LP light ( Fig. 1(a) ). The applied electric eld on embedded dielectric material affects the orientation of the dipoles, it causes a polarization effect thus changing both nanocapacitance and effective impedance of the metasurface. A reduction in effective permittivity increases surface capacitance. We reiterate that the potential difference between the orthogonal resonators is the main agent of the phase change. Each resonator can be looked at as a pixel because light is conned inside the dielectric llings regardless of the presence of a dielectric. When the slit is lled with air (3 r ¼ 1), the resonator is weakly coupled and only the dimensions can be used to tune birefringence. Thus, for this structure the transmission efficiency is affected by the geometrical parameters and the embedded dielectric material in the plasmonic metal.
Conclusion
In summary, an ultrathin QWP metasurface working in the near infrared has been numerically designed and demonstrated. Birefringence of the wave plate is controllable through manipulating dielectric llings in the slits and metal dimensions that control the SPP modes. A broadband QWP wavelength of 250 nm translating to z25% of the central wavelength has been obtained. In addition, the designed structure shows high degrees of PCR (>90%), DoLP (>90%), and DoCP (>85%) despite the presence of the metal. Finally, the range of relative permittivity values used to control birefringence was carefully selected to match what is physically available, in particular, polydimethylsiloxane (PDMS) has acceptable optical response in the near infrared and is a suitable material for the device fabrication. A broader bandwidth and an enhanced tunability can be obtained by lling the x and y oriented slits with different dielectric materials. In such a structure, orthogonal SPP modes can be detuned based on both the dimensions and the different refractive indices. In future, we propose an experimental realization using optical materials such as titanium dioxide (TiO 2 ) and PDMS. Also, a different design with dimensions that are scaled downwards can be implemented to achieve a similar QWP bandwidth in lower wavelengths less than 600 nm.
